this single-center retrospective study aims to investigate the clinical features of esophageal foreign bodies (EFBs) and determine the influence of EFB shapes on management and prognosis. A total of 427 patients aged 13 to 95 years with suspected EFB ingestion were enrolled between January 2013 and June 2018, 183 of whom were male. EFBs were divided into six shapes: pin (n = 161), sheet (n = 97), trident (n = 51), spindle (n = 66), irregular (n = 46), and sphere (n = 6). Spindle-shaped EFBs correlated with a significantly higher rate of perforation and severe complications (P < 0.001 and P = 0.021, respectively) than any other EFB shape, while sheet-shaped EFBs were linked to less severe complications (P = 0.006). The number of pressure points was provided to stratify the risk of poor prognosis for each shape. EFBs with only two pressure points (pin and spindle EFBs) required more advanced management strategies and were correlated with a higher number of patients suffering esophageal perforation (27.11%) and severe complications (12.44%) when compared with other shapes (χ 2 = 11.149 and P = 0.001; χ 2 = 5.901 and P = 0.015, respectively). Spindle shape was an independent risk factor for poor prognosis, and contributed a more clinical risk than the pin shape. In conclusion, clinical features, management, perforation rate, and severe complications differed based on EFB shape. The EFBs with two pressure points, especially the spindle-shaped EFBs, were more dangerous compared with those with more pressure points.
Data and Methods
Inclusion and exclusion criteria. Data were derived from the electronic medical record system of the First Affiliated Hospital, School of Medicine, Zhejiang University. All 583 cases with suspected EFB ingestion between January 2013 and June 2018 were enrolled. Cases were identified by reviewing the consultation and hospitalization records that contained a diagnosis of EFB, esophageal impaction, or esophageal obstruction and in which the foreign bodies were confirmed by FE, RE, or surgery. After excluding 76 cases with insufficient records or a narrow esophagus due to underlying esophageal pathology (malignancy, benign stricture, or achalasia), 50 cases without detected EFBs under FE, RE, or surgery, and 30 cases in which treatment in this hospital was discontinued (patients who denied subsequent management suggested by physicians and were discharged or admitted to other hospitals), 427 patients were included for analysis ( Fig. 1 ).
Data extraction.
The following records were individually reviewed by two experts to identify types of foreign bodies, demographics, and clinical data, including the type, shape, size, and location of the EFB; the sharpness of the edges; age; gender; chief complaints; duration of impaction (DOI); management; length of stay (LOS); perforation; other severe complications; death. For radiopaque objects, we estimated the shape based on the photos taken under endoscopy or surgery combined with the CT scan and three-dimensional reconstruction. For radiolucent objects, the photos were the only evidence of an EFB, but only one case that ingested a part of a leaf had a negative CT scan in this study. Although it was difficult to consistently categorize all EFB shapes, we nevertheless determined five common shapes that described most of the cases in this study: pin, sheet, trident, spindle, and sphere. The EFBs that were difficult to define were classified as irregularly shaped. The sharp ends of EFBs were recognized as the pressure points. EFB types were defined and divided into the following nine groups: fish bones, poultry bones, pork bones, bones of other animals (frogs, turtles, etc.), jujube pits, dentures, metals, plastics, and other types (food boluses, toothbrushes, herbs, etc.). The sizes of the EFBs were measured as the length of the major axis (Lmax) and the length of the minor axis (Lmin). EFBs with sharp edges, pointed ends, or sharp hooks were classified as sharp EFBs. The location of each EFB was measured as the distance of the EFB from the incisor (DFI). The distance between each EFB and the aortic wall was measured for cases with a high risk of aortoesophageal injury. DOI was defined as the time between ingestion and effective removal. Perforation was suggested by clinical symptoms and typical CT presentations (EFBs penetrating outside the esophagus, periesophageal air, or inflammation around the EFBs) and confirmed under endoscopy or during surgery.
Statistical analysis.
Data were analyzed with SPSS software (version 21.0; IBM Corp., Armonk, NY, USA) and R-project (version 3.3.0 for Windows 32 bit). A t-test was used to analyze normally distributed variables, and a Mann-Whitney U-test was used to analyze non-normally distributed variables. A chi-squared test and Fisher's exact test were used to assess the differences for categorical variables. The Spearman rank correlation was used to investigate relationships among variables through the PerformanceAnalytics package. The Ggplot2 package was used to plot the estimated probability distribution of the impaction location via kernel density estimation (the
Results
Baseline characteristics. Characteristics of EFBs. Table 1 shows that animal bones were the most common EFB, including fish, poultry, pork and other animal bones. Other types of EFBs were jujube pits, dentures, metals, plastics, etc. According to the table, fish bones were primarily pin-shaped; poultry and pork bones were often sheet-shaped; jujube pits were all spindle-shaped; dentures were always irregular-shaped; and others, like food bolus, were mostly sphere-shaped. Four-hundred nine cases ingested sharp EFBs. Only 18 cases ingested blunt EFBs, including six poultry bones (one pin-shaped, two sheet-shaped, two trident-shaped, and one irregular-shaped), four pork bones (one pin-shaped and three sheet-shaped), one metal (sphere-shaped), one plastic (sheet-shaped), and six other types (one sheet-shaped and five sphere-shaped). All sphere-shaped EFBs were blunt (P < 0.001).
Clinical features. One-hundred eighty-three men (42.86%) and 244 women (57.14%) were included in this study. The gender distribution was significantly different among different shapes of EFBs (P = 0.003); most female patients ingested pin-shaped (n = 98) and spindle-shaped EFBs (n = 50). The mean age was 52.32 ± 17.72 years (range 13-95 years), and was the oldest in the spindle group, and youngest in the trident group (P = 0.001). The mean DFI was 20.34 ± 4.81 cm and was the shortest in the spindle group and largest in the sphere group (P < 0.001), which means spindle-shaped EFBs impacted the upper esophagus more frequently than any other shape, and sphere-shaped EFBs impacted the lower esophagus. The mean DOI was 27.04 ± 44.12 hours, and the mean LOS was 2.55 ± 3.34 days. No significant differences in DOI or LOS were found among the groups. The mean Lmax was 22.15 ± 9.02 mm (range 4.5-70 mm), and it was the shortest in the spindle group and longest in the sphere group (P = 0.010). The mean Lmin was 9.17 ± 6.87 mm (range 2-31 mm); it was shorter in the pin and spindle groups than that of the other groups (P < 0.001). The Lmax/Lmin ratio of the pin group was the largest of all the groups, followed by that of the spindle group (P < 0.001). The mean Lmax and Lmin of sharp EFBs were 27.22 ± 7.92 mm and 15.42 ± 2.02 mm, respectively, and longer than those of blunt EFBs (21.93 ± 9.00 mm and P = 0.015; 8.89 ± 4.04 mm and P < 0.001, respectively). The Lmax/Lmin ratio of sharp EFBs (4.04 ± 3.17 mm) was significantly larger than that of blunt EFBs (2.01 ± 0.88 mm, P = 0.007).
The probability density of EFB impaction for each shape based on size. Figure 2 shows the probability density of EFBs in the upper esophagus compared with that of EFBs in the middle and lower esophagus. The EFBs were divided into the small half and the large half according to the Lmax of the EFBs. The Lmax of the small half of the cases was shorter than the mean Lmax of a specific shape, while the Lmax of the large half of the cases was larger than the mean Lmax of a specific shape. For all cases, the two peak densities were 16.81 cm (10.46%) and 24.56 cm (4.5%), respectively ( Fig. 2a) ; the small half of the cases had similar impaction peak densities (17.10 and 24.89 cm, 10.56% and 4.69%, respectively). These two locations were near the first and second esophageal physiological stenoses. In the large half of all cases, impaction occurred most frequently at 17.00 cm (9.37%) but with less probability than the small half in the upper esophagus. However, the impaction probability of the large half was higher in the middle and lower parts of the esophagus than the small half. The peaks of the impaction www.nature.com/scientificreports www.nature.com/scientificreports/ location were 16.92 cm (10.30%) and 24.63 cm (3.72%) in the pin group (Fig. 2b) ; the large half of the pin cases impacted lower than those of the small half (first and second DFI peak: 17 Fig. 2c ), the impaction location of the majority of cases was between 17.37 and 24.03 cm. The large half of the sheet-shaped cases impacted primarily at 23.50 cm (9.15%), which was substantially lower than that of the small half (19.32 cm, 9.13%). In the trident group ( Fig. 2d ), the peaks of the impaction location were 17.94 cm (12.73%) and 25.44 cm (5.34%). The large half of the trident cases impacted in the upper esophagus more frequently compared with those of the smaller half (18.06 cm and 14.33%; 17.93 cm and 10.66%, respectively), while in the middle of the esophagus, the impaction probability was reversed (25.52 cm and 3.00%; 24.89 cm and 5.17%, respectively). However, in the lower esophagus (lower than 30 cm), there were almost exclusively large EFBs. In the spindle group ( Fig. 2e ), the peaks of the impaction locations were 16.14 cm (15.21%) and 19.07 cm (12.03%), which were shallower but had a higher probability compared with the impaction locations of the other shapes. Unlike other shapes, the large half of the spindle-shaped cases impacted more frequently in the upper esophagus compared with those of the small half (16.14 cm and 15.89%; 16.22 cm and 13.85%, respectively), but the small half predominated in the middle esophagus (24.57 cm, 3.60%). Of the irregular shapes ( Fig. 2f ), most cases impacted at 19.36 cm (9.10%). In the upper esophagus, however, the large half of the irregular cases impacted less than those of the small half (19.23 cm and 7.07%; 18.84 cm and 9.73%, respectively), and the impaction probability reversed in the lower esophagus. There were not enough cases for the sphere group to obtain a statistically reliable result. Thus, the impaction probability was the highest in the upper esophagus and the lowest in the lower esophagus, the peak densities of impaction were associated with the physical stenoses. The impaction trend for all shapes of different sizes was similar to that of the total cases, with the exception of the sheet-shaped cases. For sheet-shaped cases, more EFBs were impacted deeper, especially in the large half. It was noted that the impaction location was shallower, and the probability of EFB impaction was the highest in the upper esophagus in the spindle shapes compared with other shapes. Figure 3 shows six typical cases that ingested diverse types and shapes of EFBs that were impacted at different locations. Management for each shape. Ultimately, 266 cases (62.30%) were treated by FE, 149 (34.89%) by RE, 11
(2.58%) by surgery, and one (0.23%) by bronchoscopy. In addition to the main management, a covered artery stent was placed in the artery near each EFB's impaction position to prevent major bleeding. In our study, eight cases were treated by covered artery stents before the main retrieval procedure, with the DFI ranging from 22-28 cm, and the distances between each EFB and the aortic wall were <0 mm in four cases, <1 mm in two cases, and <2 mm in two other cases. Four of the eight cases ingested pin-shaped EFBs, three ingested sheet-shaped EFBs, and one ingested an irregular-shaped EFB.
Spindle-shaped EFBs were most commonly removed by RE; the second-line therapy for EFBs. The other five EFB shapes were primarily treated by FE, the most common first-line therapy for EFBs. It seems that only spindle-shaped EFBs required more advanced treatment. However, 9 of all 11 cases treated by surgery were pin-shaped EFBs, and only one case treated by bronchoscopy was a pin-shaped EFB ( Table 2 ). As such, the pin-shaped EFB also required more advanced management. Hence, we speculate that pin-and spindle-shaped EFBs are likely to be the most difficult to treat.
The different types of pin-shaped EFBs were also analyzed to determine whether the type had an impact on management. No significant differences existed in each type; thus, the shape, rather than the type, was the factor that determined the treatment. For spindle-shaped EFBs, only cases involving jujube pits were enrolled, so the impact of the type on the management could not be distinguished.
Complications associated with each shape. Esophageal perforation was detected in 86 cases (20.14%), all of which were traumatic perforation caused by EFBs, as suggested on the CT scan taken prior to removal. www.nature.com/scientificreports www.nature.com/scientificreports/ Thirty-eight cases were complicated by other severe complications; more seriously, five cases resulted in death. Of the 48 cases of perforation without severe complications, 9 were treated by FE (two cases were closed by clips), and 39 were treated by RE. After removing the EFBs, limiting oral intake by a nose-jejunum nutrition tube or stomach tube, and administering parenteral antibiotics, the perforations were successfully managed, as evidenced by a normal reexamination through CT or a contrast esophagram. Of the 38 cases with severe complications, 4 were treated by FE, 22 by RE, 11 by surgery (6 by the lateral cervical extraction of EFBs, debridement, and drainage; 5 by thoracotomy, primary repair, and drainage), and one by bronchoscopy because the EFB was inserted into the trachea; antibiotic therapy and limiting oral intake were also implemented after the procedure. However, 16 cases had pneumonia (two died of severe pneumonia), 7 had mediastinitis (1 died), 6 had both pneumonia and mediastinitis (2 died), 6 had a cervical abscess, and 3 had a mediastinal abscess, asthma, and pneumothorax. There was only one case that had no obvious perforation and was treated by RE but died of disseminated intravascular coagulation. The management and corresponding complications of the possibly troublesome pin-and spindle-shaped EFBs are shown in Fig. 4 . Severe complications often occurred in the cases of perforation treated by RE or surgery. Table 2 shows the influence of different EFB shapes on the prognoses of cases that ingested said EFBs. The spindle group had the highest percentage (31.82%) of cases suffering esophageal perforation compared with any other group (χ 2 = 6.619, P = 0.010). Similarly, the spindle group had the highest percentage (16.67%) of cases suffering severe complications compared with the non-spindle groups (χ 2 = 5.338, P = 0.021). The pin group had a high percentage (24.84%) of cases suffering esophageal perforation as well, despite no significant difference existing between the pin and non-pin groups. The sheet group had the lowest percentage (2.06%) of cases suffering severe complications when compared with the non-sheet groups (χ 2 = 7.563, P = 0.006). The types in the sheet group did not differ significantly when it came to severe complications, suggesting that shape, rather than type, was still the major concern. Although the sphere group suffered severe complications at a rate identical to that of the spindle group, the data is insufficient to be clinically valuable because there were only six cases in this group.
The cases with perforation all resulted from the ingestion of sharp EFBs (86/409) and no blunt EFBs (0/18) led to perforation (χ 2 = 4.739, P = 0.029). Thirty-eight cases with perforation accompanied by severe complications resulted from sharp EFBs; however, the only case that died of DIC ingested a blunt EFB (χ 2 = 0.290, P = 0.590).
Clinical features and risk for EFBs based on the number of pressure points. Although most EFBs
are sharp regardless of their shape (except for sphere-shaped EFBs), the results above show that the pin-and spindle-shaped EFBs were more troublesome than other shapes. To stratify the clinical risks associated with each shape, the number of pressure points was proposed to determine the characteristics of EFBs based on shape. All sharp EFBs (409 cases) were divided into two groups according to each EFB's number of sharp ends. The group with two pressure points included the pin-and spindle-shaped EFBs, while the group with ≥3 pressure points was comprised of sheet-, trident-, and irregular-shaped EFBs. As shown in Table 3 , the EFBs with two pressure points were significantly impacted in more female patients and older patients in addition to correlating with longer DOIs and shorter DFIs. Although the Lmax was slightly smaller in this group, the Lmin was significantly smaller, so the Lmax/Lmin ratio was significantly higher, which was another parameter reflecting the higher pressure on the esophageal wall. Managements for the patients in each group were not statistically significant; however, the percentage of those treated by FE was lower in the group with two pressure points, while advanced managements, such as RE, bronchoscopy, and, especially, surgery, were higher in this group. Rates of perforation and severe complications were www.nature.com/scientificreports www.nature.com/scientificreports/ significantly higher in the group with two pressure points. These data not only demonstrate the clinical features of this group but also indicate that EFBs with two pressure points are associated with higher clinical risk, which may explain why pin-and spindle-shaped EFBs are more dangerous than sheet-, trident-, and irregular-shaped EFBs.
Risk factors for esophageal perforation and severe complications based on binary regression analysis.
The binary regression analysis showed that the age, DOI, Lmax, Lmax/Lmin ratio, and spindle shape are independent risk factors of esophageal perforation. With the exception of the Lmax/Lmin ratio, they are also independent risk factors of severe complications (Table 4 ). Thus far, we have found that spindle-rather than pin-shaped EFBs indicate a higher risk of perforation and severe complications despite that those EFBs consisted of two pressure points.
Discussion
In adults, most ingested foreign bodies pass spontaneously 1, 17 ; however, 10-20% of EFB ingestion cases require medical intervention 8 . Previous studies focused on the impaction site, type of EFB, chief complaints, DOI, management, and complications 18 . Few studies divided EFBs into different shapes, such as sharp or blunt EFBs 19 ; when they did so, such classification was general and inconsistent. Furthermore, Kim 20 found that a foreign body with a sharp polygonal or pin-like pointed structure can perforate or tear the esophageal wall. Nevertheless, the characteristics of EFBs correlated with clinical risk based on shape have not previously been demonstrated. In the present study, we not only classified EFB types but also provided novel categories based on EFB shape and introduced the concept of pressure points to stratify the risks associated with each shape.
For the last several decades, numerous types of EFBs have been presented in clinics, such as bones, coins, and pills. However, the EFB type varies according to the dietary habits and sociocultural features of a community. Thus, the proportion of food-related impaction at a given institution may correlate with the specific diet of the nearby population 21 . Interestingly, our study found that jujube pits are frequently ingested in our community, but the shape of the jujube pit rarely appears in clinical studies; thus, we defined the jujube pit as spindle-shaped, i.e., as having an oval body with two sharp points. Other cases were divided into five shapes. Clinical features, such as gender, age, DOI, and DFI, were analyzed for each shape to determine their differences and draw physicians' attention to those associated with high risk. Considering that previous studies have analyzed size exclusively according to the largest diameter 22 , which is not sufficient to define the configuration of an object, the Lmin was included in our study so that the Lmax/Lmin ratio could define the thinness of the ingested object.
The impaction locations of EFBs were closely linked with the three physical stenoses. Probability density of impaction of all shapes, except the sheet shape, manifested a step-down trend, which confirmed that most EFBs impact at the upper and middle esophagus, regardless of size. However, the large sheet-shaped EFBs tended to impact lower in the esophagus than the small EFBs, but according to the regression analysis, DFI was not an independent factor of poor prognosis.
Regarding the procedures for removing EFBs, RE was generally considered more suitable for removing EFBs located near the esophageal entrance, and FE was more suitable for other areas of the gastrointestinal tract as well as the stomach and duodenum 23, 24 . However, additional factors were involved in the selection of RE. For example, elderly patients have more difficulty enduring the process of FE, so RE, which requires general anesthesia, is a better treatment for these patients. Our research statistically verified that only spindle cases are more commonly treated by RE, while others are likely to be treated by FE. However, pin-shaped EFBs, especially those with sharp-pointed ends, had a high risk of penetrating adjacent tissues, such as the aorta 25 , and causing major bleeding; in our study, 9 in 11 cases treated by surgery were pin-shaped; thus, this shape still requires significant clinical attention. There was no significant difference regarding the management of severe complications in each type in the pin or sheet group, which reminded us that the shape of the EFB may be a more important factor of perforation than type. Regarding spindle-shaped EFBs, numerous other types of EFBs with this shape that are Table 4 . Outcomes of binary regression analysis for poor prognosis (perforation and severe complications). DOI: duration of impaction; DFI: distance from incisor; LOS: length of stay; Lmax: length of major axis; Lmin: length of minor axis *P < 0.05; **P < 0.01; ***P < 0.001. The sharpness was not included in the regression analysis for perforation, because all 18 blunt cases were in the non-perforation group. smaller or larger than jujube pits exist in nature; however, no such cases were observed in this study, which made it difficult to distinguish the effects of the spindle shape from those of jujube pits specifically. Prior to the removal procedures, eight cases were treated by covered artery stents because of suggested aortoesophageal injury, half of which had ingested sharp pin-shaped EFBs. These EFBs were all located near the aorta (DFIs ranged from 22-28 cm), which was an important consideration for stent therapy. However, the crucial problem was whether the EFBs had penetrated the aorta. Wei 26 proposed a classification: a distance of ≤2 cm between the EFB and the aortic wall indicated potential aortoesophageal fistula. In this study, this distance was less than 2 mm in all eight cases. As such, the distance between the EFB and the aortic wall became the decisive factor of aortoesophageal injury.
Generally, esophageal perforation due to foreign body ingestion is rare: it accounts for 1%-4% of the total reported cases 27 . Sharp EFBs have always indicated a high risk of perforation, and the results in this study are evidence of this. However, all blunt cases fell into the non-perforation group; whether sharpness was an independent factor of perforation could not be analyzed by regression analysis in this study. Even for sharp EFBs, the clinical risks differed depending on EFB shape. In this study, spindle-shaped EFBs indicated a significantly higher rate of perforation than any other shape. Although all the perforation cases in this study were diagnosed before any procedures were performed, perforation can still occur following a procedure, which is a chicken-egg problem. The complication rate is higher with RE (10%) than with FE (5%) 28 because RE has a large working channel with stronger grasping possibilities 29 and this is more frequently used by physicians to treat severe cases. Thus, the higher rate of perforation in the spindle group might be due to the EFB itself or the frequency with which RE is used to remove EFBs. In addition to advanced managements and a high perforation rate, the spindle group also had the highest rate of severe complications. However, sheet-shaped EFBs had significantly lower rates of severe complications. Therefore, there must be an underlying characteristic linked to the different clinical risk factors of each shape.
The concept of pressure points was proposed in this study to explain and stratify the risks associated with each shape. As we know, P (Pressure) = F (Force)/S (Area). When an EFB is ingested, the esophageal wall exerts a force that pushes against the EFB. The contact area is negatively correlated with the pressure on the area, which explains why sharp EFBs with a small contact area easily result in perforation. Considering the accurate contact area was difficult to measure, the number of pressure points, which was positively correlated with the size of the contact area, became an important parameter. As fewer points represent a smaller area, the pressure is greater and is associated with more risk of perforation and even severe complications. For sharp EFBs, the group with pressure points was treated by more advanced managements and had a significantly higher rate of perforation and severe complications compared with the group with ≥3 pressure points. These results distinguished the risks associated with the pin-and the spindle-shaped EFBs from those associated with sheet-, trident-, and irregular-shaped EFBs and elucidated why the former was more troublesome, while sheet-shaped EFBs led to fewer complications. Blunt EFBs were excluded because the force was distributed across surfaces with significantly larger areas and numbers of points. Table 2 showed that the spindle shape was associated with a higher risk of poor prognosis compared with the pin shape. Even in the binary regression analysis where the age, DOI, and Lmax were independent factors of severe complications, the spindle shape, in which the Lmax was shorter than in any other case, was still an independent factor for a poor prognosis despite the size. Moreover, the Lmax/Lmin ratio played an important role in inducing perforation; the larger the ratio, the more probable the perforation. As such, sharp EFBs with two pressure points, which had larger ratios, might tend to result in perforation.
The analysis in this study gave us new insight into the predictors of the diagnosis and management of EFB impaction. Previous studies and guidelines have consistently focused on the type, size, duration, and location of EFBs, but we proposed a new parameter-the shape of EFBs-although the shapes in this study did not include all of those that exist in nature. We also provided a novel characteristic-the number of pressure points-to stratify the risk associated with each shape to help physicians quickly diagnose perforation and predict the prognosis.
This study does have some limitations. As a retrospective study, our study only enrolled 427 cases from a single research center; it also only involved patients from one region, so the eating habits of these patients only reflect southern Chinese customs. Moreover, the six shapes we presented are not exhaustive of all shapes, sub-classifications must still be defined. The spindle group consisted only of jujube pits, which made it difficult to distinguish the effect of the shape from that of the type. Only 18 cases ingested blunt EFBs, and all of them were in the non-perforation group, which makes it difficult to determine whether blunt EFBs are an independent risk factor of perforation through regression analysis.
conclusions
Our findings suggest that different shapes of EFBs have different characteristics, which can have a remarkable impact on the clinical features, management, perforation rate, and severe complications of EFBs. EFBs with two pressure points, especially spindle-shaped EFBs, are more dangerous compared with those with more pressure points.
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